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Thermal expansion, thermal hysteresis, and the 
monoclinic ~ tetragonal phase transformation of Zro2 
have been studied with high temperature x-ray diffract-
ometry. The initial transformation temperature in pure 
Zro2 , on heating, is about ll50°C. The transformation 
occurs over a 100°C temperature range and thermal hys-
tersis occurs on heating and cooling. The mechanism of 
the transformation is related to preferred vibrational 
modes of atoms on the A0 -C 0 plane of the monoclinic 
structure. Because the monoclinic B0 axis is parallel 
with the tetragonal [110] axis, structural relation-
ships can be seen to be a controlling factor in the 
transformation. Initiation of the transformation is pro-
bably related to the vibrational energy of the atoms, 
and formation energy of tetragonal domains; hysteresis 
behavior is the result of development of strain energy 
between semi-coherent monoclinic and tetragonal domains. 
The effects of addition of CaO on the monoclinic ~ 
tetragonal transformation of Zro2 and some phase relation-
ships in the system Zro2-cao were studied by high tempera-
ture diffractometry, and heating and quenching techniques. 
Addition of 1 mole % CaO lowered the initial trans-
formation from 1150° to 1100°C on heating and from 1050° 
to 1000°C on cooling. Further addition of CaO affects the 
hysteresis characteristics but not initiation of the mono-
ii 
clinic-tetragonal transformation. 
Increasing CaO content causes widening of the hys-
teresis loop. This phenomenon is explained by formation 
of a cubic solid solution, semi-coherent with the tetra-
gonal phase. The thermal history of the samples also 
affects the width of the hysteresis loops, possibly re-
lated to difference in defect concentration. 
Phase equilibria of the system Zro2-cao was studied 
in some detail. A cubic solid solution and the compound 
CaZro 3 are stable binary phases in this system. The 
stability field of the cubic solid solution is wider at 
higher temperatures. The phase boundary of the cubic 
field at 20 mole % CaO is almost vertical and exists 
to low temperatures. 
iii 
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I. INTRODUCTION 
Zro2 is a refractory material, with a melting point 
There are three well defined 
polymorphs of pure zro2 : monoclinic (P 21/c) , tetragonal 
(P 4 2/nmc), and cubic (F m3m). The monoclinic phase is 
stable below about ll00°C and transforms over a 100°C 
temperature range to the tetragonal phase; at approximately 
2370°C the tetragonal phase is changed to the cubic phase. 
The monoclinic ~ tetragonal transformation of Zro2 
has been observed by many investigators since 1929, but 
the results have not been in agreement with reported 
values for the initiation of the transformation on heat-
ing varying between 1000°C and ll80°C, and on cooling 
between 1060°C and 980°C. 
The tetragonal ~ cubic transformation of Zro2 was 
observed initially by Smith and Cline,l4 with the trans-
formation temperature reported to be 2285°C + l5°C. There 
have since been many investigations of the tetragonal 
. 16-19 
cubic phase transformat1on, with reported values be-
tween 2200° and 2400°C. 
Although pure zro2 is refractory, it cannot be used 
as a high-temperature structural product because of the 
volume change during the monoclinic ~ tetragonal trans-
formation having a deleterious effect on the resistance 
to thermal shock. This transformation can be suppressed 
1 
by the addition of some oxides which form cubic solid solu-
tions, such as Ceo2 , CaO , MgO, Y2 o 3 . Lime, CaO, is most 
commonly used for this purpose. Phase relationships in 
the system Zro2 -cao have been studied by many investi-
gators but the results have not been in good agreement. 
There are two main purposes of this study. The first 
is to study the monoclinic -t- tetragonal phase transforma-
tion in Zro2 by measuring thermal expansion of the mono-
clinic phase, thermal hysteresis, and the effect of CaO 
on the monoclinic~ tetragonal transformation. The se-
cond is to study Zro2 -cao phase relationships further in 
order to compare subsolidus equilibria results with the 
literature. Experimental methods included x-ray dif-
fraction, and high-temperature x-ray diffraction. 
2 
II. LITERATURE REVIEWS 
A. The Crystal Structure of Zro2 Polymorphs 
Al. Monoclinic Zro 2 
Stable Zro2 at room temperature is monoclinic, and 
its crystal structure has been studied by various in-. 
vestigators. The earliest study of the monoclinic phase 
1 
was reported in 1926 by Yardley, who indicated that mono-
clinic Zro2 , with a density of 5.73 gm/cc, has lattice 
constants of a= 5.17 A0 , b = 5.22 A 0 , c = 5.33 A0 , and 
S = 99° 28', with axial ratios of 0.9905:1:1.0220. It 
was suggested that the structure is a distorted fluorite 
type. 4 On the basis of Yardley's data, Na'ray Szabo 
proposed a structure for monoclinic zro2 , but it had un-
satisfactory packing and unreasonable bond distances. 
5 In 1950, Duwez and Odell reported the lattice parameters 
for monoclinic Zro2 as a= 5.16 A0 , b = 5.25 A0 , c = 
5.29 A0 , and S = 80° 10'. McCullough and Trueblood6 
(1959) reported lattice parameters of monoclinic Zro2 
as a= 5.169 A0 , b = 5.232 A 0 , c = 5.341 A 0 (all+ 0.008 
A 0 ), and S = 99° 15' + 10'. The monoclinic structure 
according to these investigators is shown in Figure 1. 
The monoclinic structure can be described as a distortion 
of the fluorite structure. The o 11 atoms lie in a plane 
parallel with (100) and form a slightly distorted square 
array. The Zr atoms are in seven-fold coordination bet-




PROJECTION OF Zr02 STRUCTURES ON (010). 
Above: Monoclinic Phase 
Below: Tetragonal Phase 
Note: The broken lines show the orientational 
relationships between the monoclinic and 
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PROJECTION OF Zr0 2 STRUCTURES ON (001). 
Above: Monoclinic Structure 
















The OI atoms are in triangular coordination with Zr. 
Smith and Newkirk 7 redetermined the structure of monoclinic 
Zro2 by using new x-ray data collected from a synthetic 
single crystal. The results are almost the same as those 
of McCullough and Trueblood, with only minor changes of 
atomic coordinates. 
A2. Tetragonal Zro2 
The high-temperature form of Zro2 is tetragonal (P 
42/nmc). The transformation occurs over a l00°C range, 
with wide hysteresis. In 1926 Ruff and Ebert8 were the 
first investigators who reported the tetragonal form of 
Zro2 , reporting that above l000°C monoclinic zro2 changed 
to the tetragonal form, with lattice parameters of a = 
5.07 A 0 , c = 5.16 A 0 1 and c/a = l.Ol7. For many years 
it was assumed that the structure of tetragonal Zro2 is 
a distorted cubic fluorite structure, as shown in Figure l. 
In 1962, however, Teufer9 redefined the structure of tetrag-
onal zro2 , using a body-centered lattice instead of a face-
centered tetragonal lattice as used before. The reported 
the lattice constants as a = 3.64 A 0 and c = 5.27 A0 (at 
1250°C), with two formular units in the elementary cell. 
The zirconium and oxygen atoms are located in positions 
similar to those in a fluorite type structure: 
2 Zr (a) Q 1 0 1 0; 1/2 1 l/2 1 1/2 
4 0 (d) 0 1 1/21 Z i l/2 1 0 1 z; 0 1 1/2 1 1/2 + Z i 
1/2, o, 1/2 - z 
wh_ere z = 0. 185 
Tetragonal Zro2 cannot be retained on quenching, 
but can exist as a metastable form at room temperature 
if the zirconia is prepared by calcining a zirconium 
salt, such as the chloride or nitrate, at low tempera-
tures.10-13 This phenomena has been explained as the 
result of stabilization by residual water or anions. 13 
A3. Cubic Zro2 
Cubic zirconia was observed in 1962 by Smith and 
l . 14 C ~ne. Using a high temperature x-ray diffractometer 
attachment, they found that above 2285° + l5°C a cubic 
form was present. The tetragonal ~ cubic phase trans-
formation was found to be rapidly reversible with hys-
teresis no greater than l5°C. Cubic Zro2 is face-centered 
cubic with the fluorite structure (F m3m). Because Smith 
15 
and Cline used vacuum or an inert atmospheres, Weber 
pointed out that cubic zirconia might be obtained as an 
oxygen-deficient product which possibly reacted with metal 
vapor from the furnace. Subsequently, cubic Zro2 has been 
confirmed as a polymorph or pure zro2 by several investi-
16-19 gators. The inversion temperature of this transforma-
tion has been corrected to 2370°c. 19 
B. Mechanism of the Monoclinic ~ Tetragonal Transforma-
tion in zro2 
since the monoclinic ~ tetragonal phase transformation 
of zro2 was first reported in 1929 by Ruff and Ebert, 2 it 
has been the subject of many investigations. Hany methods 
7 
have been employed to study the transformation: high-
t t d 'ff . 16, 20-24 empera ure x-ray 1 ract1on, thermal expan-
. 3, 24-25 d'ff . 1 h 1 . ( ) 22-24, 26 s1on, 1 erent1a t erma analys1s DTA , 
differential specific gravity analysis, 30 and metallo-
h . 1 . 24 grap 1c ana ys1s. This transformation occurs over a 
temperature interval rather than at a sharply defined 
temperature, with wide hysteresis. The results of pre-
vious investigations of the monoclinic ~ tetragonal 
transformation of Zro2 are not in close agreement. Re-
ported values of the initial temperature of transformation 
range from 1000°C to 1180°C on heating, and from 1060°C 
to 980°C on cooling. The characteristics of the mono-
clinic ~ tetragonal transformation in Zro2 are not yet 
fully understood. Some investigators have studied the 
kinetics and the thermal hysteresis of this transforma-
8 
tion. The resulting data can be used to interpret the mech-
anism of the monoclinic-tetragonal phase as either a nu-
cleation and growth process or as a martensitic shear 
transformation. 
Wolten16 investigated the mechanism of the monoclinic 
~ tetragonal transformation of Zro2 by using high-temperature 
x-ray diffraction, concluding that the mechanism is of the 
martensitic shear type. 
Smith and Newkirk 7 considered the structural rela-
tions among the Zro2 polymorphs. The crystallographic re-
lationship of the monoclinic and tetragonal structures is 
shown in Figure 2. The major difference between the two 
9 
FIGURE 2 
RELATIONSHIPS BETWEEN THE MONOCLINIC AND TETRA-
GONAL STRUCTURES. 
Above: A layer of Zro7 groups of the monoclinic 
structure, at x = 1/4, projected on the 
(100) plane. 
Below: One layer of Zro8 groups in the tetra-
gonal Zro2 structure. The plane of pro-
jection is (110). 
9a 
FIGURE 2 
structures is the difference in the coordination of Zr-
o 1 atoms. Because the c axes of those two structures are 
parallel, they concluded that the transformation takes 
place by rotation of the triangular groups of 0 1 atoms, 
accompanied by minor movements of other atoms into the 
more symmetrical configuration. 
G . d G . 13 d' d h h . f h raln an arvle lScusse t e mec anlsm o t e 
-+ monoclinic ~ tetragonal phase transformation in Zro2 in 
terms of Ubbe-lohde's theory of continuous phase trans-
formation. They commented that during the transformation, 
domains of the phases play the major role, with hysteresis 
resulting from strain energy between domains durina co-
existence of the monoclinic and tetragonal forms. They 
considered this a permissable violation of Gibbs' classi-
cal phase rule. 
C. The System Zro2 -cao 
The system Zro2-cao has been studied by several in-
8 
vestigators, the first being Ruff, Ebert, and Stephen 
in 1929. They reported two eutectics and one compound, 
cazro 3 , in this system. They also showed that CaO and 
Zro2 form mixed crystals with a CaO content varying from 
0 to 40 mole percent. Subsequently, it was found that zro2 
can form cubic solid solutions with CaO. 21 ,, 2 8 In 19 52, 
Duwez, 29 d' d h t Odell and Brown, restu le t e sys em. They pre-
sented the diagram shown in Figure 3. The data were ob-
tained from samples which had been heated to 2000°C, then 




zro2-Ca0 PHASE DIAGRAH 
From P. Duwez, F. Odell, and F.H. Brown, Jr., 
(1952). 
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the results could have been in error due to the existence 
of metastable phases. Since that time, the system has 
been studied by several investigators. The results of 
their work can be divided into two groups. In the first 
group no compound v1as reported in the cubic field. The 
range of the existence of the cubic solid solution in this 
group is shown in Figure 4. Outside the phase boundaries 
are two phase regions, Zro2 plus cubic solid solution 
and the cubic solid solution plus CaZro 3 . 
The second group of investigations reported a com-
pound at 20 mole % CaO (Cazr4o 9 ). The cubic fields of 
these investigations are shown in Figure 5. There are 
two phase fields outside the boundaries, zro 2 plus Cazr 4o 9 
solid solutions,and CaZr 4o 9 plus Cazro 3 . 
Recently work on Zro2 -cao phase relationships 
was reported by R.C. Garvie, 30 who used heating-quenching 
techniques. The results of his ~ork are shown in Figure 
6. He concluded from lattice parameters of cubic solid 
solutions that Cazr 4o 9 has two forms, alpha and beta, with 









- DUWEZ, ODELL, a BROWN 
---DIETZEL a TOBER 





















































































PARTIAL PHASE DIAGRAM OF THE SYSTEM CaO-Zr02 . 
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MONOCLINIC + TETRA80NAL ... CaZrOa 
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+ 
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COMPOS I II ON, MOLE % CoO 
FIGURE 6 
III. EXPERIMENTAL PROCEDURES 
A. Specimen Preparation 
Pure grade zirconia powder obtained from Fisher 
Scientific Company was used in this investigation. Cal-
cium carbonate powder was obtained from J.T. Baker Chemi-
cal Co. Table I shows the analysis of Caco 3 . 
Fifty-gram samples of compositions ranging from 0.0 
to 50.0 mole percent of CaO were prepared and mixed in a 
ball mill for 25 minutes. The compositions of the sam-
ples are shown in Table II. 
Approximately l gm. of each sample was placed into 
a platinum crucible and heated in a silicon carbide re-
sistance furnace at the desired temperature. Heating-
quenching techniques were used to determine phase relation-
ships. 'l'he samples were fired until the x-ray patterns 
of samples did not change, after which intensities and 
lattice parameters of phases were measured. Samples were 
for 2500, 2542, 768, 325, 175, 100 and 40 hours. Tempera-
tures were controlled to within + l0°C by a set point con-
troller. Temperatures were measured with a Pt-Pt 13 Rh 
thermocouple. 
High temperature x-ray techniques were used to deter-
mine thermal expansion of Zro2 and the effect of CaO on the 
monoclinic ~ tetragonal phase transformation. 
B. X-ray Diffraction 
16 
TABLE I 
Chemical Analysis of Caco 3 
Assay (Caco 3 ) 
Insoluble in HCl 
Ammonium Hydroxide Precipitate 
Chloride (Cl) 
Sulfate (so4 > 
Barium (Ba) 






















Zro2 -cao Compositions 
Sample Composition of CaO 
No. in mole % in weight % 
1 0.0 0.00 
2 1.0 0.81 
3 2.0 1.63 
4 3.0 2.45 
5 5.0 4.10 
6 7.0 5. 76 
7 10.0 8.28 
8 12.0 9.97 
9 14.0 11.68 
10 15.0 12.54 
11 16.0 13.40 
12 18.0 15.13 
112 20.0 16. 88 
13 22.0 18.64 
14 26.0 22.20 
15 28.0 24.01 
16 30.0 25.82 
17 35.0 30. 43 
18 40.0 35.13 
19 45.0 39.9 3 
20 50.0 44.82 
19 
A G.E. XRD-5 recording diffractometer using CuKa 
radiation at SOKV and 15ma was used to study phase rela-
tionships. During heating and quenching cycles, samples 
were scanned at the rate of 2° 28 per minute with a re-
cording chart speed of 0.4 inch per minute. To determine 
intensities and the lattice parameters of the phases, 
samples were scanned at the rate of 0.2° 28 per minute, 
using a-Al2o 3 as an internal standard. The 28 values of 
the (012), (024), and (116) lines of the Al2 o 3 and the (111), 
(220), and (311) lines of the cubic solid solution were 
determined and corrected. The lattice parameters of the 
cubic solid solution phase were determined from these 28 
values. 
Intensities of the (111), (111) of the monoclinic 
phase, the (111) of the cubic solid solution phase and 
the (202), (220) or (022), and (202) of the CaZro 3 phase 
were measured. The percentages of the monoclinic and cubic 
phases were calculated by using the equation: 33 
Im (lll) + Im (111) X 100 









percentage of monoclinic phase in 
the sample 
percentage of cubic solid solution 
the intensity of the (lll) of the 
monoclinic phase 
the intensity of the (111) of the 
monoclinic phase 
Ic(lll) the intensity of the (111) of the 
cubic solid solution 
In the region of the cubic solid solution plus CaZro 3 
phases, the percentages of these phases were calculated 
from the equation: 
X 100 
where xl = the percentage of the phase in the 
sample 
Il the intensity of the phase in the 
sample 
(I 1) o the intensity of the pure phase 
A high temperature x-ray diffraction furnace was 
constructed for use to determine thermal expansion of zro2 
and thermal hysteresis. The furnace was constructed by 
winding externally an alumina tube, 0.4 in. inside dia-
meter, with platinum resistance wire. This unit was ce-
mented into an alumina shell and mounted on a water-cooled 
plate. This plate was bolted to a base which can be ad-
justed during the alignment. Figure 7 is a schematic draw-
ing of the apparatus. 
Another alumina tube, with 0.4 in. outside diameter, 
was cut into two parts along the length of the tube. The 
sample holder was a recessed platinum plate, 0.5 x 0.25 x 
0.05 in., cemented onto the split tube. After the sample 
was loaded, the sample holder was placed in the hot zone 
of the furnace. Two Pt-Pt 13% Rh thermocouples were at-













WATER- COOLIN& BASE 
AD~USTABLE BASE 
FIGURE 7 
so that the junction was at the sample surface in the cen-
ter of the hot zone, to be used to measure sample tempera-
ture with the aid of a millivolt potentiometer. The other 
thermocouple was used to provide emf for the temperature 
control system. 
For thermal expansion studies the high-temperature 
x-ray diffraction furnace was mounted on a G.E. XRD-3 re-
cording diffractometer. After alignment, the zro2 sample 
was brought to temperature and maintained for about a half 
hour before scanning. The sample was scanned from 27° to 
40° 28 at a rate of 0.2° 28 per minute, with a recording 
chart speed of l in. per minute. Platinum powders were 
mixed with the sample and the (lll) line of platinum was 
22 
used as an internal standard. The linear coefficient of 
thermal expansion of platinum is equal to 10.2 x 10-6 per 
degree. Thermal expansion of Zro2 was determined from room 
temperature up to l300°C by measuring 28 values of the (lll), 
(lll), (002), (020), and (200) lines of the monoclinic 
phase and the (lll), (002),and (200) lines of the tetrag-
onal phase. (Note that the indices of tetragonal phase 
refer to the distorted CaF 2 structure.) 
were made in air. 
All measurements 
Thermal hysteresis and the effect of CaO on the mono-
clinic ~ tetragonal transformation of Zro2 \vere studied by 
measuring the intensities of the two phases at different 
temperatures during transformation. The high-temperature 
x-ray diffraction furnace was mounted on a G.E. XRD-7 re-
cording diffractometer. Measurements of hysteresis were 
made in air, with temperatures ranging from 700°C to 1300°C 
for three heating-cooling cycles on each sample. The sam-
ples were scanned from 27° to 31° 28 at the rate of 0.2 
28 per minute. The intensities of the (111), and (lll) 
of the monoclinic phase and the (111) of the tetragonal 
phase were measured. The percentages of the tetragonal 
phase were calculated by using the equation: 
It (111) 
where xt = percentage of the tetragonal phase 
It(lll) = intensity of the (111) of the tetrag-
onal phase 
I (111) = the same meaning as before m 
I (lll) = the same meaning as before m 
Note: For the tetragonal phase, the (111}, (002), and 
(200) lines, which refer to the distorted CaF2 structure, 
are equal to (101), (002), and (110) lines, respectively, 
9 
of the unit cell of Teufer. 
23 
IV. RESULTS 
A. Zro2 Thermal Expansion and the Monoclinic ~ Tetra~onal 
Transformation 
Thermal expansion of Zro2 was determined from 25°C 
to 1300°C. The five reflections, (111), (lll), (002), 
(020), and (200), of the monoclinic phase were measured 
and used to evaluate the lattice parameters. The lat-
tice parameters of the tetragonal phase were determined 
from the (101), (002), and (110) lines. The d-spacings 
and lattice parameters versus temperature are shown in 
Figures 8 to 12. The original data are tabulated in 
Appendix A. The x-ray patterns of the monoclinic and 
tetragonal phases are shown in Appendix B. The lattice 
parameters for the monoclinic phase were calculated from 
the equations: 
Bo = 2 d020 
where A0 , B0 , C0 , and 8 are the lattice parameters of mono-
clinic Zro2 and dlll' d 111 , d 002 , d 020 , and d 200 are the 
d-spacings of (lll), (111), (002), (020), and (200) lines, 
respectively. 
The lattice parameters of the tetragonal phase were 




INTERPLANAR SPACINGS FOR (111), (lll) OF MONO-
CLINIC Zro2 AND (101) OF TETRAGONAL Zr0 2 VERSUS 
TEMPERATURE. 
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INTERPLANAR SPACINGS FOR (020} AND (200} OF 
MONOCLINIC AND TETRAGONAL Zro2 VERSUS TEMPERA-
TURE. 
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INTERPLANAR SPACINGS FOR (002) MONOCLINIC Zr02 , 
AND (002) TETRAGONAL Zro2 VERSUS TEMPERATURE. 
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Zr02 LATTICE PARAMETERS IN A0 AND B 0 DIRECTIONS 
VERSUS TEMPERATURE. 
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Zr02 LATTICE PARAMETERS IN C0 DIRECTION VERSUS 
TEMPERATURE. 
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where A and C are the lattice parameters of the tetra-
o 0 
gonal form, d 110 and d 002 are the d-spacings (110) and 
(002) lines of the tetragonal phase, respectively. 
The results are in good agreement with those of 
Campbell and Grain, 34 but are somewhat different from 
35 those of Lang. Because the sample of pure Zro2 used 
in this study had not been preheated, the values of the 
lattice parameter at room temperature after heating and 
cooling are different. The lattice parameters of the 
sample after one heating and cooling cycle are larger. 
No thermal expansion anomalies are noted; normal aniso-
tropic expansion,with the C coefficient largest and the 
0 
B0 coefficient smallest, is explicable on the basis of 
structural anisotropy. No noticeable changes in the ther-
mal expansio~ curves are associated with the monoclinic-
tetragonal transformation. 
The transformation temperature of the monoclinic 
phase to the tetragonal phase was observed to be about 
1150°C on heating. The low temperature form transformed 
over a 100°C temperature range to be the high temperature 
form. On cooling the monoclinic phase appeared at about 
1050°C and the tetragonal phase persisted to about 600°C. 
During the transformation, the (002) line of the tetragonal 
form was observed between the (002) and the (020) lines of 




Linear Thermal-Expansion Coefficients 
Investi- Temp (x 10-6)* 
gator Range ( °C) A0 (M} B0 (M) C0 (H) A0 (T) C0 (T) 
Campbell 
and Grain 27-264 8.4 3.0 14.0 
264-504 7.5 2.0 13.0 
504-759 6.8 1.1 11.9 
759-964 7.8 1.5 12.8 
964-1110 8.7 1.9 13.6 
S.M. Lang 1150-1250 12.4 14.4 
This Work 25-225 11.2 4.3 11.3 
225-525 6. 3 2.6 11.8 
525-775 8.5 1.1 13.0 
775-975 10.7 1.3 15.3 
975-1125 9.6 2.8 17.3 
1150-1250 20.8 22.7 
* a (T) = ~1/l(T) ~T 
where: T = average temperature 
~T temperature interval 
1 lattice constant measured 
increased in intensity, due to an increase in the percent-
age of the tetragonal form, because of coincidence with 
the (110) line of the tetragonal phase. The lattice para-
meters of the tetragonal phase are smaller than those of 
the monoclinic phase within the transformation range. 
The transformation temperature of the monoclinic to the 
tetragonal form on heating is not the same as the re-
verse transformation on cooling. Thus heating and cool-
ing cycles through the transformation produce a time-
independent thermal hysteresis loop. 
The history of the sample has some effect on the 
shape of hysteresis loop and on the transformation 
characteristics. Figure 13 shows representative hystere-
sis loops of the zirconia with and without previous heat 
treatment. Percentages of the tetragonal phase were cal-
culated by the polymorph method, as discussed in experi-
mental procedure. It can be seen that the hysteresis 
loop of the sample preheated at 1400°C for 100 hours ex-
hibits the narrower loop and has the higher transforma-
tion temperature on cooling. On heating the transforma-
tion of these two samples started almost at the same tern-
perature, around 1150°C, but the tail of the hysteresis 
loop of the non-preheated sample is longer than that of 
the preheated sample. On cooling the reverse transforma-
tion of the preheated sample started at about 1090°C, 40°C 
higher than that of the non-preheated sample. 





Zr0 2 THERMAL HYSTERESIS LOOP. 
Figure represents the hysteresis loops obtained 
from a previously unheated sample and a sample 
preheated at 1400°C. Closed circles represent 
heating and open circles cooling. 
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B. Effects of CaO on Thermal Hysteresis of the Monoclinic 
~ Tetragonal Transformation 
The first, in 1947, to report the effect of calcia 
the inversion temperature of zirconia was Curtis. 36 In 
1952, Duwez, Odell,and Brown 29 reported the effect of 
calcia on the transformation temperature of zirconia on 
cooling. The results of these two groups of investi-
gations are in good agreement. They reported that the 
effect of calcia, up to about 16% mole percent, is to 
decrease slightly the inversion temperature. The trans-
formation temperature of zirconia on cooling decreased 
from 1000° to 900°C with an increase of calcia content 
from 0 to 15 mole percent. 
In this investigation, thermal hysteresis of Zro2 
with additions of CaO was studied. Samples of Zr02 with 
1, 2, 5, 7, 10, and 12 mole % CaO, preheated at 1250°C 
for 325 hours, were scanned through the transformation 
range and percentages of the tetragonal phase \vere mea-
on 
sured. The resulting hysteresis loops are shown in Figures 
14 to 16. The original data are also tabulated in Ap-
pendix C. 
Minor amounts of CaO added to the Zro2 have a major 
effect on the transformation temperature and on trans-
formation characteristics. Addition of 1 mole % CaO re-
duced the monoclinic - tetragonal transformation tempera-
ture from 1150°C to about 1100°C. Development of the 




THERMAL HYSTERESIS LOOPS OF l MOLE % AND 2 MOLE 
% CaO SAMPLES. 
The hysteresis loop is obtained by plotting the 
percentages of the tetragonal form versus tem-
perature. Closed circles represent heating and 

































































































THERMAL HYSTERESIS LOOPS OF 5 MOLE % AND 7 MOLE 
% CaO SAMPLES. 
Data obtained in same manner as for Figure 14. 
36a 



























































































THERMAL HYSTERESIS LOOPS OF 10 MOLE % AND 12 MOLE 
% CaO SAMPLES. 
Data obtained in same manner as for Figure 14. 
37a 







































































































the monoclinic phase began to develop at about 1000°C 
and increased in amount with decreasing temperature . 
The increase of the monoclinic phase occurred very slowly 
below 900°C, and persisted to lower temperatures, pro-
ducing a long tail in a hysteresis loop. 
Further additions of CaO did not change the trans-
formation temperature on heating appreciably, but re-
tarded the reverse transformation. The transformation 
temperature on cooling decreased slightly with an increase 
in the content of CaO in the samples. With addition of 
12 mole percent CaO, the transformation on cooling started 
at about 920°C and was complete at lower temperature, pro-
ducing a long tail on the hysteresis loop. The width of 
the hysteresis loop increased with increasing CaO content. 
The characteristics of the hysteresis loop depend 
on the thermal history of the samples. Figure 17 shows 
the hysteresis loops of a single composition preheated at 
different temperatures for different times. The trans-
formation temperatures, on heating, are almost the same. 
Transformation started at about ll00°C and was complete 
at about l250°C. The differences in the hysteresis loops 
are noted on the cooling portion. The hysteresis loop of 
the sample preheated at l000°C for 200 hours exhibits the 
wider width of the loop. 
C. Phase Relationships in the System Zro2-cao 
Heating and quenching techniques were used to determine 
39 
FIGURE 17 
THERMAL HYSTERESIS LOOPS OF SAMPLES PREHEATED 
AT 1000°C AND 1400°C. 
Data obtained in same manner as for Figure 14. 
39a 














































































































phase relationships ln the zro2-cao system. After the 
samples were heated to equilibrium at the desired tempera-
ture, intensities and the lattice parameter were mea-
sured at room temperature. The phase field of the cubic 
solid solutions was considered to be the most important 
feature to be studied. Intensities of the cubic solid 
solution phases synthesized at all temperatures tabulated 
in Table IV. Figure 18 shows the percentages of the cubic 
solid solution phase at all temperatures as a function of 
the CaO content. 
It can be seen that at higher temperatures the width 
of the cubic solid solution field is greater. The samples 
heated at 1010°C for 2500 hours were not at equilibrium, 
as indicated by the presence of three phases, monoclinic 
Zro2 phase, cubic solid solution, and cazro 3 . Continued 
40 
heat treatment at 1010°C, however, causes increased develop-
ment of the cubic solid solution, with a concomitant de-
crease in CaZro 3 content, indicating the ultimate equili-
brium assemblange. The compositional range of the cubic 
solid solution at lll5°C is very narrow, approximately from 
19% to 20% CaO. The ranges of the cubic field at 1250°, 
1310°, 1400°, and 1500°C are 15 to 20 mole%, 14.5-20 mole%, 
13.5-20 mole %, and 13-20 mole % CaO, respectively. 
The lattice parameters of the cubic solid solutions 
at all temperatures are given in Table V and the plot of 
these data versus CaO content is shown in Figure 19. The 
lattice parameters of the cubic solid solution at any tern-
41 
TABLE IV 
Percentages of Cubic Solid Solution Phase 
Sample Temperature, c 
No. 1115 1250 1310 1400 1500 
1 o.oo 0.00 0.00 0.00 0.00 
2 3.76 2.04 2.08 6.06 
3 9.11 9.00 10.24 
4 13.49 18.81 20.60 
5 27.48 35.98 32. 78 
6 41.44 47.12 47.74 53.01 
7 61.68 69.62 71.68 76.55 
8 61.05 76.77 85.69 89.91 88.61 
9 71.08 92.17 96.52 100.00 100.00 
10 80.55 100.00 100.00 100.00 
11 86.98 100.00 100.00 100.00 100.00 
12 94.31 100.00 100.00 100.00 
112 100.00 96.53 97.10 97.01 100.00 
13 93.09 87.60 91.81 91.49 
14 75.75 78.96 82.67 
15 71.41 72.6 3 72.92 
16 59.17 62.20 58.56 
17 46.04 47.95 45.23 
18 27.34 26.35 32.10 
19 18.14 11.27 14.36 
20 0.00 0.00 0.00 
42 
FIGURE 18 
PERCENTAGES OF CUBIC SOLID SOLUTION PHASES 
FOR ALL ISOTHERMS VERSUS CaO CONTENT. 











Lattice Parameters of the Cubic Solid Solution 
Preheated Temperature ( oc) and Time (hrs.) 
Composition 1115 ° 1250° 1310° 1400° 1500° 
(CaO mole %) 2542 325 175 100 40 
10 5.1312 5. 12 8 8 5.1281 5.1277 
12 5.1406 5.1303 5. 12 96 5.1275 5.1276 
14 5.1406 5.1308 5.1292 5. 12 88 5.1300 
15 5.1406 5.1305 5.1303 5.1305 
16 5.1412 5.1327 5.132 8 5.132 8 5. 1322 
18 5.1406 5 .1355 5.1375 5.1345 
20 5.1420 5.1395 5.1405 5.1371 5.1390 
22 5.1420 5.1404 5.1388 5.1388 5.1401 
26 5.1404 5.1405 5.1388 
28 5.1395 5.1405 5.1388 
44 
FIGURE 19 
LATTICE PARAMETERS OF CUBIC SOLID SOLUTION PHASE 
VERSUS MOLE % CaO. 
44a 
0 .. 



















































































































perature is constant in the two phases region. In the 
region of the Zro2 plus cubic solid solution, at the left 
of the plot, the lattice parameter of the cubic solid 
solution decreases with increasing temperature. The lat-
tice parameter in the solid solution range increases with 
increasing CaO content. In the cubic solid solution plus 
CaZro 3 field the lattice parameter of the cubic solid 
solution is nearly constant with increasing temperature, 
with a boundary at about 20 mole % CaO. 
The cubic field determined from lattice parameters 
is in close agreement with that determined from quantita-
tive analyses of the cubic solid solution. The results 
agree quite closely ~ith those of Garvie (Figure 6), though 
the present data indicate a slightly wider field. 
High temperature x-ray techniques were used to 
determine the monoclinic ~ tetragonal phase transformation 
temperature of samples in the system Zro2-cao. On heating, 
the transformation temperature seems to be reduced from 
1150°C to 1100°C in the presence of a small amount of CaO 
in the zro2 . Further addition of CaO -- more than one mole 
percent -- to Zro2 did not reduce the transformation tem-
perature further. 
45 
V. DISCUSSION AND CONCLUSIONS 
A. The Monoclinic ~ Tetragonal Phase Transformation in 
Zro2 
The thermal expansion results in this study are in 
good agreement with those of Campbell and Grain. They 
indicated no pre-transformation effects below the trans-
formation. The lattice parameters before and after a 
heating and cooling cycle are not the same in samples not 
previously heated; larger parameters are observed after a 
heating and cooling cycle. This can probably be ex-
plained by formation of defects at higher temperatures 
and retention of defects .on cooling. 
Thermal expansion of the monoclinic form of Zro2 
is highly anisotropic, with the lowest coefficient in the 
B0 direction and the highest in the C0 direction. The 
transformation can be discussed in terms of vibrational 
amplitudes, as indicated by thermal expansion. As the 
monoclinic form of Zro2 is heated, thermal vibrations in 
the A0 -C0 plane increase, with amplitudes greater in the 
C0 direction; vibrational amplitudes perpendicular to the 
plane, in the B0 direction are least. The observed coef-
ficients of thermal expansion are consequences of the uni-
que structure of monoclinic zro2 . 
If the structures of the monoclinic and the tetragonal 
46 
form of Zro2 are considered, it can be seen that the main 
difference is the stacking of the atoms on the A0 -C0 plane. 
The monoclinic B0 axis is parallel to the tetragonal C0 axis, 
and this is correlated to the thermal expansion results. 
During the transformation, starting at about ll50°C, the 
rate of expansion seems to increase. This can be ex-
plained in terms of surface energy effects and the co-
herence of the planes with those of the tetragonal phase. 
The intensities of d 002 and d 020 of the monoclinic phase 
decrease and the intensity of d 200 increases with in-
creasing temperature in the transformation range. The 
d 200 line of the monoclinic phase becomes the d 110 line 
of the tetragonal phase. The d 002 line of the tetragonal 
phase appears between the d 002 and d 020 lines of the mono-
clinic phase. These observations can be used to explain 
~ the mechanism of the monoclinic + tetragonal phase trans-
formation in Zro2 as follows. 
The monoclinic B0 axis is parallel to the tetragonal 
C0 axis. When the transformation starts, the monoclinic 
A0 axis expands until its dimension is about the same as 
that of B0 axis. This means that the atoms in the mono-
clinic structure are vibrating in the A0 -C0 plane and at 
the start of the transformation the positions of these atoms 
attain ordered positions, with zirconium atoms in eight-
fold coordination, corresponding to the tetragonal form. 
When the atoms are in ordered position they tend to decrease 
47 
energy by decreasing the lattice parameters of the structure, 
thus the lattice parameters of the tetragonal structure are 
smaller than those of the monoclinic structure, even though 
they have the more open structure. At the transformation 
temperature the tetragonal form has the lower free energy. 
The tetragonal form is semicoherent with respect to 
the monoclinic form, so strain energy is produced. This 
energy brings the transformation reaction to a halt at 
any given temperature within the transformation range. 
For further transformation, the temperature must be in-
creased. On cooling the reverse occurs. But, because 
the strain energy involved in accommodating a monoclinic 
phase in a tetragonal phase is not the same as the strain 
arising from a tetragonal phase in a monoclinic matrix 
phase; the hysteresis loop is produced. This can be ex-
plained either in terms of the martensitic transformation 
. d b 1 . . 16' 24 mechan~sm, as commente y severa ~nvest~gators, 
or Ubbelohde's theory, as discussed by Grain and Garvie. 13 
B. zro2-cao Phase Relationships 
On addition of one mole % CaO to pure Zro2 , the mono-
clinic-tetragonal phase transformation temperature is re-
duced from 1150° to 1100°C on heating, and on cooling the 
reverse transformation temperature is reduced from 1050° 
With further addition of CaO to Zro2 , the trans-
formation on heating still starts at 1100°C, but the traLs-
formation temperature on cooling is lowered. The solid 
solubility limits in monoclinic and tetragonal zro2 are, 
therefore, in the vicinity of one percent or less. Further 
additions of CaO result in development of the cubic solid 
solution. After the transformation of Zro2 is complete, the 
cubic solid solution can be coherent with the tetragonal 
48 
phase. On cooling, the cubic solid solution may have 
the effect of retarding formation of the monoclinic phase. 
With more cubic solid solution, the strain energy arising 
from coexistence of the cubic solid solution and tetra-
genal phases is greater. The higher content of CaO, there-
fore, lowers the transformation temperature on cooling and 
widens the hysteresis loop. On heating, the cubic solid 
solution phase has little effect on the monoclinic-
tetragonal phase transformation. 
The history of the samples has some effect on the 
transformation temperature and on transformation charac-
teristics because of the differences in defect concentra-
tions in the samples. The sample preheated at 1010°C 
for 200 hours exhibited the widest hysteresis loop. The 
explanation probably lies in the non-equilibrium condi-
tions in the sample; there are many phases in the system 
monoclinic Zro2 , cubic solid solution, a small amount 
of unreacted CaO, and a small amount of CaZro 3 . On heat-
ing, these phases have little effect on the monoclinic-
tetragonal transformation. But on cooling, coexistence of 
these phases with the tetragonal phase has some effect on 
the reverse transformation, causing a lower transformation 
temperature. The samples preheated at higher temperatures 
will exhibit the narrower hysteresis loop due to defects, 
as discussed before. 
The results from heated and quenched samples revealed 
that with higher preheating temperatures cubic solid solu-
49 
tion range is wider. The data from this study are in good 
agreement with those of Garvie, 30 though this study indi-
cates a slightly wider range of cubic solid solution. At 
reaction temperature, Caco3 gives off co2 gas and forms 
an active CaO, thereby providing a more rapid approach to 
equilibrium than CaO, as used by Garvie. 
Lattice parameters for Zro2 with 20 mole percent or 
more CaO between 1115° to 1500°C do not vary with composi-
tion. . 30 . d h. h d Garv1e 1nterpret8 t 1s to mean t at a compoun , 
cazr 4o 9 , is formed at 20 mole % CaO, and the cubic solid 
solution field is the result of solid solution of Zro 2 in 
this compound. This interpretation seems reasonable if 
the cubic lattice parameter for equilibrium compositions 
in the vicinity of 20% CaO was constant at all tempera-
tures but the upper phase boundary shifts to higher CaO 
contents with increasing temperature and x-ray data indi-
cate no clear distinction between the cubic solid solutions 
Garvie indicated that there are two phases 
of Cazr 4o 9 , alpha and beta,with a transformation tempera-
ture about 1650°C. The transformation has not as yet been 
verified by high-temperature x-ray study. Even if the lat-
tice parameter data for the 20 mole percent or more CaO 
were constant with temperature, it does not necessarily mean 
50 
that there is a compound formation. These data can be inter-
preted in terms of a vertical upper phase boundary for the 
cubic solid solution. The larger lattice parameters at the 
higher temperatures, 1700° and 1765°C, reveal that the phase 
boundary line shifts. 
One of the polymorphs of pure Zro2 is the cubic 
form, with the fluorite structure. The tetragonal form 
will transform to the cubic form at about 2370°c. 19 The 
x-ray pattern of the cubic solid solution phase in the 
system Zro2 -cao can also be interpreted in terms of a 
fluorite structure. Solid solution of CaO in Zro2 can 
be considered effective in lowering the tetragonal-cubic 
transformaion temperature to 1000°C at about 20% CaO. If 
the tetragonal-cubic transformation is induced by loss of 
o 2 and formation of a new phase, zro2_x' solid solution 
of CaO in Zro2 would have an analogous effect, with forma-
tion of zr 1 Ca o 2 , at lower temperatures. 
-x x -x 
Further support for existence of the cubic solid 
solution phase is the cubic solid solution forming in the 
system Zro2 -Mgo 3 7 as shown in Figure 20. MgO and CaO have 
the same crystal structure and similar properties. The 
difference in the cubic solid solution range is a result 
of the difference in the ionic radii of Mg+ 2 and Ca+ 2 . 
Figure 21 shows the phase diagram proposed for the system 




Zro 2-Mg0 PHASE DIAGRAM. 
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PROPOSED PHASE DIAGRAM OF THE SYSTEM Zr0 2 -CaO. 
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Thermal Expansion Data for Zro2 
APPENDIX A 
Thermal Expansion Data For Zro2 
TABLE AI 
Raw 28 Data on Heating for the Monoclinic (M) and Tetragonal (T) Lines 
Temp °C 28 28 28 28 28 28 28 
111 (M) lOl(T) lll(M) 002 (M) 002 (T) 020 (M) 200 (M) I 110 (T) 
25 28.13 - 31.44 34.15 - 34.40 35.33 
108 28.10 - 31.40 34.09 - 34.37 35.24 
205 28.07 - 31.37 34.04 - 34.36 35.20 
317 28.05 - 31.33 33.99 - 34.36 35.17 
430 28.03 - 31.29 33.92 - 34.32 35.13 
523 28.02 - 31.25 33.90 - 34.32 35.11 
612 28.01 - 31.23 33.85 - 34.33 35.08 
725 28.00 - 31.19 33.79 - 34.31 35.0 3 
824 27.99 - 31.16 33.74 - 34.33 35.02 
918 27.98 - 31.11 33.70 - 34.32 34.97 
934 27.96 - 31.09 33.67 - 34.32 34.93 
Ul 
0'\ 
TABLE AI (Cont.) 
Temp °C 28 28 28 28 28 28 28 
111(M) 101(T) 11l (M) 002 (M) 002(T) 020(H) 200 (M) , 110 (T) 
980 27.94 - 31.08 33.65 - 34.28 34.92 
1016 27.96 - 31.06 33.62 - 34.31 34.92 
1027 27.92 - 31.03 33.60 - 34.28 34.89 
1083 27.92 - 31.02 33.57 - 34.28 34.87 
1100 27.92 - 30.99 33.53 - 34.28 34.86 
1117 27.92 - 31.00 33.53 - 34.28 34.85 
1138 27.93 - 30.99 33.53 - 34.28 34.85 
1155 27.93 - 30.99 33.53 - 34.30 34.84 
1175 27.92 - 30.99 33.53 - 34.30 34.84 
1188 27.91 - 30.98 33.50 - 34.28 34.82 
1211 27.89 29.69 30.94 33.47 33.87 34.25 34.77 
1216 27.89 29.70 30.95 33.50 33.91 34.31 34.81 
1221 - 29.70 
1243 27.88 29.66 30.90 33.45 33.84 34.26 34.73 
U1 
-...1 
TABLE AI (Cont.) 
Temp °C 28 28 28 28 
111(M) 101 (T) 11l(M) 002 (:[\1) 
1265 27.88 29.67 30.90 -
1290 - 29.65 - -
1300 - 29.65 - -
1320 - 29.62 - -
28 28 














d-Spacing Data on Heating for the Monoclinic (M) and Tetragonal (T) Lines 
Temp °C d d d d d d d 
lll(M) 101 (T) 111 (M) 002(M) 0 0 2 ( T) 020(M) 200 (M), 110 (T) 
25 3.1721 - 2.8453 2.6254 - 2.6069 2.5404 
108 3.1754 - 2.8488 2.6299 - 2.6091 2.5467 
205 3.1787 - 2.8515 2.6337 - 2.6099 2.5495 
317 3.1810 - 2.8550 2.6374 - 2.6099 2.5516 
430 3.18 32 - 2.8586 2.6427 - 2.6128 2.5544 
523 3.1843 - 2.8621 2.6442 - 2.6128 2.5558 
612 3.1854 - 2.8639 2.6480 - 2.6121 2.5579 
725 3.1865 - 2.8675 2.6526 - 2.6136 2.5615 
82 4 3.1876 - 2.8702 2.6564 - 2.6121 2.5622 
918 3.1888 - 2.8747 2.6595 - 2. 612 8 2.5657 
934 3.1910 - 2.8765 2.6618 - 2.6128 2.5686 
980 3. 19 32 - 2.8774 2.6633 - 2.6158 2.5693 
1016 3.1910 - 2.8792 2.6656 - 2. 6136 2.5693 
U1 
0.0 
TABLE AI! (Cont.) 
Temp oc d d d d d d d 
111 (M} 101 (T) 111 (M) 002(M) 002 (T) 0 20 (r·1) 200 (~'l) , 110 (T) 
1027 3.1955 - 2.8819 2.6671 - 2.6158 2.5714 
1083 3.1955 - 2.8828 2.6695 - 2.6158 2.5729 
1100 3.1955 - 2.8856 2.6726 - 2.6158 2.5736 
1117 3.1955 - 2.8847 2.6726 - 2.6158 2.5743 
1138 3.1943 - 2.8856 2.6726 - 2.6158 2.5743 
1155 3.1943 - 2.8856 2.6726 - 2.6143 2.5750 
1175 3.1955 - 2.8856 2.6726 - 2.6143 2.5750 
1188 3.1966 - 2.8865 2.6749 - 2.6158 2.5764 
1211 3.1988 3.0089 2.8901 2.6772 2.6465 2.6180 2.5800 
1216 3.1988 3.0079 2.8892 2.6749 2. 64 35 2.6136 2.5772 
1243 3.2000 3.0119 2. 89 38 2.6788 2.6488 2.6173 2.5829 
1265 3.2000 3.0109 2. 89 38 - 2.6473 - 2.5822 
1290 - 3.0128 - - 2.6503 - 2.5822 
1300 - 3.0128 - - 2.6495 - 2.5844 
1320 - 3.0158 - - 2.6526 - 2.5851 0"1 0 
TABLE AIII 
Calculated Lattice Parameters for Monoclinic (M) and Tetragonal (T) Zro2 
Based on Raw Data of Table AII 
Temp °C Ao Bo Co s Ao Co (H) (M) (M) (M) (T) (T) 
25 5.1477 5.2138 5. 3200 99° 15 1 
108 5.1605 5.2182 5. 32 91 99° 15' 
205 5.1662 5.2198 5.3368 99° 16' 
317 5.1704 5.2198 5.3443 99 O 15 I 
430 5.1756 5.2256 5.3545 99° 12' 
523 5.1774 5.2256 5.3564 99o 9 I 
612 5.1806 5.2242 5. 36 30 99o 5 I 
725 5.1873 5.2272 5.3718 ggo 2 I 
824 5. 18 82 5.2242 5.3790 ggo 0 I 
918 5.1937 5.2256 5. 38 36 98° 54' 
934 5.1998 5.2256 5.3884 98° 54' 
980 5.2015 5.2316 5. 3918 98° 56' 
0'1 
1-' 
TABLE AI!! (Cont.) 
Temp °C Ao Bo Co B Ao Co 
(M) (M) (M) (M) (T) (T) 
1016 5.2005 5.2272 5.3954 gao 50' 
1027 5.2053 5. 2 316 5. 3ggo gao 52' 
1083 5.2078 5.2316 5.4033 gao 51' 
1100 5.2081 5.2316 5.4085 gaO 4 7 I 
1117 5.2101 5. 2 316 5.4090 gao 48 1 
1138 5.2090 5.2316 5.407g g9 O 44 I 
1155 5. 210 7 5.2286 5.40a2 98° 45 1 
1175 5.2110 5.2286 5.4085 gao 46' 
1188 5.2138 5. 2 316 5.4131 gao 47 1 
1211 5.2206 5. 2 36 0 5.4172 98° 44 1 3.6487 5.2g3Q 
1216 5.2151 5.2272 5.4128 gao 45' 3.6447 5.2870 
1243 5.2248 5. 2 34 6 5.41a8 gao 38' 3.6528 5.2976 
1265 - - - - 3.6518 5,2g46 
1290 - - - - 3.6518 5.3006 
0'\ 
1\.) 




















Raw 28 Data on Cooling for Monoclinic (M) and Tetragonal (T) 
X-Ray Powder Lines 
Temp °C 28 28 ~8 26 26 26 28 
111 (M) lOl(T) lll(M) 002 (M) 002 (T) 020(M) 200 (M), 110 (T) 
1216 - 29.66 - - 33.86 - 34.73 
1144 - 29.76 - - 33.95 - 34.83 
1087 - 29.79 - - 33.98 - 34.88 
1083 - 29.78 - - 33.99 - 34.85 
1040 - 29.80 - - 34.01 - 34.87 
1023 - 29.79 - - - - 34.86 
992 27.92 29.80 31.07 33.6 4 - - 34.89 
986 27.92 29.78 31.04 33.60 34.00 34.30 34.88 
961 27.96 29.82 31.07 33.63 - 34.33 34.92 
926 27.94 29.80 31.06 33.63 - 34.30 34.90 
916 27.98 29.85 31.14 33.70 - - 34.98 
896 27.93 29.82 31.07 33.68 - 34.28 34.96 
0'1 
.;,.. 
Temp °C 28 28 
111 (M) 101(T) 
862 27.95 29.86 







TABLE AIV (Cont.) 
~8 28 28 
































d-Spacing Data on Cooling for the Monoclinic {M) and Tetragonal {T) 
X-Ray Powder Lines 
Temp oc d d d d d d d 
111 (I-.1) 101 {T) lll {M) 002(M) 002 (T) 020(M) 2 00 {M} , 110 (T} 
1216 - 3.0119 - - 2.6473 - 2.5829 
1144 - 3.0020 - - 2.6404 - 2.5757 
1087 - 2.9990 - - 2. 6 382 - 2.5721 
1083 - 3.0000 - - 2.6374 - 2.5743 
1040 - 2.9980 - - 2.6359 - 2.5729 
1023 - 2.9990 - - 2.6359 - 2.5736 
992 3.1955 2.9980 2.8783 2.6641 - - 2.5714 
986 3.1955 3.0000 2.8810 2.6671 2. 6 36 7 2.6143 2.5721 
961 3.1910 2.9961 2.8783 2.6648 - 2.6121 2.5693 
926 3.1932 2.9980 2.8792 2.6648 - 2.6143 2.5707 
916 3.1888 2.9931 2.8720 2.6595 - - 2.5650 
896 3.1943 2.9961 2.8783 2.6610 - 2.6158 2.5664 
0"1 
0"1 
Temp °C d d 
111 (M) 101 (T) 
862 3.1921 2.9921 







TABLE AV (Cont.) 
d d d 
111 (~1) 002(M) 002 (T) 
2.8747 2.6587 -




2.8550 2. 6 367 -
2.8515 2.6344 -
























Calculated Lattice Parameters for Monoclinic (M) and Tetragonal (T) ZrO 
Based on Raw Data of Table AV 
Temp °C Ao B c B A co 
(M) (~) d~) (M) (~) (T) 
1216 - - - - 3.6528 5.2946 
1144 - - - - 3.6426 5.2808 
1087 - - - - 3.6375 5.2764 
1083 - - - - 3.6406 5.2748 
1040 - - - - 3. 6 386 5.2718 
1023 - - - - 3.6396 5.2718 
gg2 5.2068 - 5.3946 98 O 59 I 3. 6 36 5 
g86 5.2067 5.2286 5.3990 gao 54' 3.6375 5.2734 
g61 5.2010 5.2242 5.3943 98° 52' 3. 6 335 
g26 5.2038 5.2286 5. 3g4 3 gao 53' 3.6355 
gl6 5.193g - 5.3852 98° 59' 3.6275 




Temp °C Ao 
(M) 
B (~) 
862 5. 19 34 5.2272 
801 5.1967 5.228.6 
765 5.1925 5.2272 
600 5.1884 5.2286 
315 5.1756 5.2256 
236 5.1704 5.2198 
108 5.1686 5.2226 
25 5 .16 38 5.2212 
TABLE AVI (Cont.) 
c B (~) (M) 
5. 38 31 98° 58' 
5. 38 36 99o 0 I 
5.3759 99o 0 I 
5.3713 ggo 7 I 
5.3498 99° 12' 
5.3429 99° 16' 
5.3393 99° 19' 






X-Ray Patterns of Pure Zro2 at Different Tempera-
tures, and of Phases in the System Zro2 -cao 
High-temperature x-ray data for pure Zro2 and 
x-ray data obtained at room temperature for phases in 
the system zro2-cao, preheated at 1400°C for 100 hours, 
are contained in this appendix. 
High-temperature x-ray techniques were used to 
measure thermal expansion and to study the monoclinic-




HIGH TEMPERATURE X-RAY DIFFRACTION DATA AT SE-
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HIGH 'l'EMPERATURE X-RAY DIFFRACTION DATA AT SE-
LECTED TEMPERATURES ON COOLING OF PURE Zr02 • 
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X-RAY DIFFRACTION PATTERNS OF PHASES IN THE 
SYSTEM Zro2 -Ca0. 
The samples were heated at 1400°C for 100 hours 
and scanned at room temperature. X-ray patterns 
of monoclinic Zro2 , the cubic solid solution, and 
cazro 3 are shown in this figure. 
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Original Data for Hysteresis Loops 
The tables included in this appendix contain 
values of calculated percentages of tetragonal phase, de-
veloped over the transformation range, in pure Zro2 and 
Zro2-cao. Preliminary heating time of each sample is in-
dicated. All of the data are based on high-temperature 




Percentages of Tetragonal Phase Observed During Heating 
and Cooling of a Sample of Zro2 Not Previously Heated 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1140 0.00 1055 100.00 
1153 2.40 1049 97.18 
1180 2.03 1042 88.90 
1186 2.52 1038 86.47 
1187 3.81 1026 53.50 
1205 7.67 995 28.36 
1224 52.94 964 16.85 
1246 77.84 925 10.43 
1250 92.24 900 9.30 
1268 95.98 880 7.51 
1280 95.44 825 6.22 
1290 99.79 770 4.54 
1301 99.81 710 3.85 
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TABLE CII 
Percentages of Tetragonal Phase Observed During Heating 
and Cooling of a Sample Preheated at 1400°C for 100 hours 
Heating % Tetragonal Cooling % Tetragonal 
'l'emp. Phase Temp. Phase 
1140 o.oo 1100 100.00 
1158 1.34 1082 97.13 
1172 1.68 1077 94.05 
1176 2.81 1065 87.67 
1185 3.16 1055 69.51 
1196 8.93 1040 54.45 
1209 28.26 1030 35.52 
1215 46.04 
1228 86.64 995 22.08 
1241 89.71 964 12.86 
1250 95.89 929 14.93 
1255 99.74 901 11.24 
1273 99.84 
1283 100.00 862 9.87 
752 5. 32 
726 5.01 
TABLE CIII 
Percentages of the Tetragonal Phase During 
Heating and Cooling of_the 1 mole% CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1116 0.55 1000 100.00 
1123 0.63 984 93.68 
1142 2.25 980 88.76 
1160 5.68 960 68.44 
1166 8.70 946 52.42 
1170 12.09 940 52.08 
1176 13.17 938 44.12 
1193 54.56 903 19.44 
1202 82.93 880 15.39 
1211 85.76 847 12.47 
1232 96.60 827 8.90 
1236 98.08 797 8.62 




Percentages of the Tetragonal Phase During Heating 
and Cooling of the 2 mole % CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 1000 100.00 
1121 1.32 972 81.05 
1144 3.50 959 75.03 
1150 4.02 938 50.85 
1178 20.35 916 28.20 
1180 21.46 898 2 3. 28 
1187 32.8 3 860 18.26 
1196 40.04 852 13.51 
1203 73.66 842 11.92 
1221 82.17 783 8.31 




Percentages of the Tetragonal Phase Dur~ng Heating 
and Cooling of the 5 mole % CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 975 100.00 
1125 0.23 951 89.28 
1160 6.30 944 88.75 
1166 6.74 916 64.96 
1182 38.10 911 52.71 
1192 40.06 882 29.20 
1202 66.26 862 2 4. 32 
1220 82.27 831 14.77 
1230 94.15 785 10.82 
1260 100.00 735 6.12 
80 
TABLE CVI 
Percentages of the Tetragonal Phase During Heating 
and Cooling of the 7 mole % CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 955 100.00 
1148 11. ~2 934 84.29 
1165 30.04 927 82.41 
1172 38.96 911 6 7. 42 
1192 64.13 900 53.77 
1211 82.64 884 50.84 
1216 92. 35 876 48.97 
1223 98.02 870 39.42 






Percentages of the Tetragonal Phase During Heating 
and Cooling of the 10 mole % CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 940 100.00 
1130 6.21 922 90.67 
1150 24.51 903 82.86 
1154 29.50 890 74.69 
1165 48.01 880 67.37 
1169 53.76 86 9 64.11 
1172 76.26 853 33.65 
1176 81.96 830 27.41 
1180 92. 39 806 20.02 
1220 100.00 712 8.07 
82 
TABLE CVIII 
Percentages of the Tetragonal Phase During Heating 
and Cooling of the 12 mole % CaO Sample 
Preheated at 1250°C for 325 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 910 100.00 
1125 7.32 876 85.70 
1135 30. 15 870 7 8. 36 
1150 37.55 842 54.02 
1165 46.88 825 44.38 
1169 49.61 806 2 9. 02 
1180 80.28 790 28.11 




Percentages of the Tetragonal Phase During Heating 
and Cooling of the 1 mole % CaO Sample 
Preheated at 1000°C for 200 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 925 100.00 
1122 0.50 905 92.40 
1130 1.52 901 89.71 
1154 l. 85 876 82.19 
1179 41.87 870 70.28 
1185 47.78 859 64.61 
1197 53.46 844 53.48 
1215 90.68 839 51.14 
1231 92.71 815 39.79 
1247 98.69 800 30.51 





Percentages of the Tetragonal Phase During Heating and 
Cooling of the 1 mole % CaO Sample 
Preheated at 1400°C for 100 hours 
Heating % Tetragonal Cooling % Tetragonal 
Temp. Phase Temp. Phase 
1100 0.00 1000 100.00 
1127 2.35 980 82.29 
1150 7.21 972 78.54 
1164 12.78 958 37.93 
1175 32.88 941 20. 32 
1180 60.39 932 12.05 
1192 79.45 910 10.41 
1210 92.51 880 6. 31 
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